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Abstract

The in vitro N-acetylgalactosaminylation by human gastric UDP-GalNAc:polypeptide N-acetylgal actosaminyltransferases
was assessed using the peptide motif GTTPSPVPTTSTTSAP, which is found naturally in the tandem repeat domains of the
apomucin encoded by the gene MUCS5AC. This peptide appeared to be an excellent tool for obtaining an insight into the
extensive O-glycosylation processes of apomucins. Up to six N-acetylgal actosamines were added and the given glycopeptide
species were well separated by capillary zone electrophoresis. Moreover, the degree of glycosylation (number of
monosaccharide O-linked attachments) could be determined by MALDI—mass spectrometry without prior separation. Using
different incubation times, we evidenced the accumulation of various glycopeptides, suggesting that the total glycosylation of
an apomucin-peptide requires orderly N-acetylgalactosaminylation processing. This information was completed by
experimental data showing that N-acetylgalactosaminylated octapeptides (the peptide backbones of which are part of
GTTPSPVPTTSTTSAP) were able to selectively inhibit some N-acetylgalactosaminyltransferases. Our results suggest that
this inhibition may influence the quality of the intermediate products appearing during the in vitro O-glycosylation process.
0 1999 Elsevier Science BV. All rights reserved.
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1. Introduction

The mucins, a major component of the mucus, are
high-molecular-mass (up to several thousand kDa)
glycoproteins characterised by a strong heterogeneity
involving both the apomucin and the oligosaccharide
chains [1,2]. To date, nine genes of epithelial mucins
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(named MUC in human) have been identified [3].
Deduced from the analysis of cDNA nucleotide
sequences, the mucins share structural features with
the model proposed for the mucin encoded by the
gene MUC?Z [4]: i.e. (i) a peptide backbone with
extended arrays of tandemly repeated (TR) se-
guences having a high percentage of threonine and/
or serine, alanine and proline, (ii) poorly glyco-
sylated cysteine-rich domains separating the tandem
repeat domains and (iii) oligosaccharide chains in
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O-glycosidic  linkages  through  N-acetylgalac-
tosamine (GalNAc) to the threonine or serine res-
idues.

In view of a better understanding of the first step
of mucin carbohydrate chain elongation, our group
studies the N-acetylgalactosaminylation of peptide
acceptors representative of TR domains deduced
from MUC genes. MUC5AC is a gene that is
expressed mainly in the respiratory and gastric tracts
[5]. Up to now, analysis of the apomucin sequence
encoded by MUC5AC has revealed that two oc-
tapeptides are frequently found in the TR domain,
i.e, TTSTTSAP and GTTPSPVP (amino acids ex-
pressed using the oneletter code) [6]. The
GTTPSPVP peptide is a better substrate for N-
acetylgalactosaminylation in vitro by human gastric
UDP-GalNAc:polypeptide N-acetylgalactos-
aminyltransferases than the most representative
TR peptide, TTSTTSAP [7]. We describe in this
work the in vitro glycosylation by human gastric
microsomal preparations of a hexadecapeptide with
the sequence GTTPSPVPTTSTTSAR, which is natu-
rally found in the MUC5AC apomucin and corre-
sponding to the juxtaposition of the two most
frequent TR octapeptides in this apomucin. Capillary
zone electrophoresis [8] and matrix-assisted laser
desorption mass spectrometry (MALDI-MS) [9]
appeared to be very powerful technologies, not only
to discriminate the different glycopeptides obtained
(up to six) but also to follow their formation during
the incubation. Moreover, using three octapeptides
that are  constitutive  of the  peptide
GTTPSPVPTTSTTSAR, i.e, GTTPSPVPR,
PSPVPTTS and TTSTTSAP, we evidenced that they
were able to influence the O-glycosylation of the
hexadecapeptide, in their glycosylated states.

2. Experimental
2.1. Materials

The Dowex resin AG 1-X8 (100-200 mesh, Cl
form) was purchased from BioRad (Vitry s/Seine,
France). 2,5-Dihydroxybenzoic acid (DHB) was
from Aldrich (St. Quentin Fallavier, France). Uridine
diphosphate  N-acetyl-p-galactosamine, [galacto-
samine-1-*H(N)]- (UDP-GalNAc) (8.7 Ci/mmol)

and uridine diphosphate N-acetyl-p-galactosamine,
[galactosamine-1-**C] (54.7 mCi/mmol) were from
New England Nuclear Chemicals (DuPont de
Nemours, Les Ulis, France). MES [2-(N-Mor-
pholino)ethanesulfonate], MnCl,, PMSF (phenyl-
methanesulfonyl fluoride), AMP (adenosine 5'-
monophosphate), E-64 [trans-epoxysuccinyl leucyl-
amino (4-guanido) butane], ethylenediaminetetraace-
tic acid (EDTA), cold UDP-GaNAc, trifluoroacetic
acid (TFA) and Triton X-100 were from Sigma (St.
Louis, MO, USA). Polyvinyl alcohol (M, 15 000)
was from Fluka (Buchs, Switzerland). The synthetic
peptide substrates NH,-GTTPSPVPTTSTTSAP-
COOH, NH,-GTTPSPVP-COOH, NH,-PSPVPTTS-
COOH and NH,-TTSTTSAP-COOH were obtained
from Neosystem (Strasbourg, France). The purity of
the peptides (>95%) was assessed by high-perform-
ance liquid chromatography analysis and capillary
electrophoresis, and their masses were verified by
electrospray mass spectrometry [10]. The amino acid
sequences were also checked using an Applied
Biosystems gas-phase Sequencer 477A.

2.2. Analytical methods

2.2.1. Measurement of radioactivity

The [°H]- and [“*C]-labelled N-acetyl-p-galac-
tosamine incorporated in the peptide substrates was
measured by scintillation counting on a LS 3801
liquid scintillation system (Beckman Instruments,
Irving, CA, USA).

2.2.2. Capillary zone electrophoresis

Capillary zone electrophoresis (CZE) was per-
formed as previoudy described [8] on a P/ACE
system, model 5000 (Beckman, Fullerton, CA, USA)
controlled by the system Gold software V810 (Beck-
man). The samples were introduced by nitrogen
pressure at the positive electrode at a concentration
of 2 mg/ml in 2 M formic acid containing 2.5%
(v/v) polyvinyl alcohol [M, 15000] and were de-
tected by UV spectrometry at 200 nm. The voltage
across the capillary (57 cm lengthX75 pm internal
diameter) was maintained at 15 kV and the cartridges
were cooled to 23°C for al runs. The column was
regenerated between each run by applying 0.1 M
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NaOH for 2 min and pure water for 2 min in order to
obtain reproducible migrations.

2.2.3. Mass spectrometry

MALDI-MS was adapted from the conditions
described by Jespersen et al. [11]. A Vision 2000
time-of-flight instrument (Finnigan MAT, Bremen,
Germany) equipped with a nitrogen laser operating
at a wavelength of 337 nm was used. The instrument
was operated in the reflector mode, the ions were
accelerated to a potential of 6 kV in the ion source
and post-accelerated by a conversion dynode in front
of the detector to a potential of 10 kV. All spectra
were obtained in the positive-ion mode and single-
shot spectra were accumulated in order to obtain a
good signal-to-noise ratio. The spectra were first
externally calibrated with angiotensin and bovine
insulin. The matrix, 2,5-dihydroxybenzoic acid
(DHB), was dissolved in 0.1% trifluoroacetic acid
(TFA) to a concentration of 10 mg/ml. The incuba-
tion products were diluted with matrix to a con-
centration of 2—8 pmol/wl and 1 pl of this sample-
matrix solution was deposited on the target and dried
under a cold air-stream before loading into the mass
Spectrometer.

2.3 Analytical procedures

2.3.1. Enzyme preparation

A macroscopically normal fundic human gastric
sample (about 14 g) was obtained from a patient
after surgery. The microsome suspension was pre-
pared by Potter-Elvehjem homogenisation of the
tissue, as previously described [10]. The microsomal
pellet was suspended in a 0.2 M NaCl-0.25 M
sucrose solution to obtain a final protein concen-
tration of 5.5 g/, and aliquots were stored at —80°C
until use. The protein concentration was determined
according to the method of Peterson [12].

232 Qualitative analysis of GalNAc incor-
poration in the GTTPSPVPTTSITSAP peptide

In order to gain qudlitative insight into the
GaNAc incorporation process, the
GTTPSPVPTTSTTSAP peptide was glycosylated for
05,1, 2 3,5 8and 24 h and CZE analysis was
performed on the unseparated glycosylated products.
The assay mixtures in a tota volume of 40 pl

contained the following components, at final con-
centrations of: 1 mM GTTPSPVPTTSTTSAP (10
wl); 125 mM MES buffer (pH 7.2) (10p.l) containing
0.2% (v/v) Triton X-100, 12.5 mM MnCl,, 1 mM
E-64, 1 mM PMSF; 1.25 mM AMP (5 pl); 1 mM
cold UDP-N-acetylgalactosamine diluted with 1.25
nM tritiated UDP-GalNAc (0.15-0.2x10° dpm;
5ul) and 15 pg of microsomal preparation (10 pl).
After the addition of the enzyme preparation, sam-
ples were incubated in duplicate a 37°C. The
reaction was stopped by the addition of eight
volumes (320 pl) of 20 mM sodium borate—1 mM
EDTA (pH 9.1). The reaction products were passed
through AG 1-X8 resin (2 ml), eluted by 3 ml water
and the incorporation rates were calculated by scin-
tillation counting of aiquots of the samples with
subtraction of values obtained from controls incu-
bated without peptide substrate. Desalting of samples
before CZE and MALDI-MS was performed as
previously described [13].

2.3.3 N-Acetylgalactosaminylation of
GTTPSPVPTTSITSAP in the presence of
glycosylated or unglycosylated octapeptides

To gain some insight into the
GTTPSPVPTTSTTSAP glycosylation sites that are
preferentially recognised by the N-acetylgalac-
tosamine transferases, we attempted to O-glycosylate
the peptide GTTPSPVPTTSTTSAP in the presence
of potential competitive inhibitors, such as con-
stituent octapeptides or glycosylated peptides, on
which the glycosylation sites were previously de-
termined [7]. The effects of these co-incubation
assays on the appearance of the products corre-
sponding to one- to six GaINAc O-linked hexade-
capeptides was determined by CZE and MALDI-
MS.

The unglycosylated peptides were obtained by
chemical synthesis and the glycosylated peptides
were prepared in the laboratory.

2331 Preparative N-acetylgalactosaminylation of
GTTPSPVP, PSPVPTTS and TTSTTSAP. The oc-
tapeptides GTTPSPVP, PSPVPTTS and TTSTTSAP
(a 3 mM) were N-acetylgalactosaminylated under
the conditions described previously, with 1 mM
[**C]-UDP-GalNAc (340 000 dpm for atotal volume
of 800 wl) by the same gastric microsoma homoge-
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nate for 24 h. Each preparation was chromato-
graphed on two AG 1-X8 resin columns (6 ml) and
eluted with 12 ml of water. After freeze-drying, the
samples were desalted on two C,; Sep-Pack car-
tridges [13], and the resulting products were pooled.

2332 Glycosylation of GTTPSPVPTTSITSAP in
the presence of glycosylated or unglycosylated oc-
tapeptides. The peptide GTTPSPVPTTSTTSAP (1
mM) was N-acetylgalactosaminylated in duplicate
with [®H]-UDP-GalNAc for 24 h using the gastric
microsomal preparation in the presence of 3- or 8
mM  octapeptides (GTTPSPVP, PSPVPTTS or
TTSTTSAP) or the glycosylated products of
GTTPSPVP (25 mM), PSPVPTTS (0.3 mM) or
TTSTTSAP (3.3 mM). The glycopeptide concen-
trations were expressed in term of mM GalNAc (this
parameter was determined by the measure the in-
corporation of [**C]-UDP-GalNAc in the glycosyla-
ted preparations after the desalting step). After 24 h
incubation at 37°C, the reaction products were
chromatographed on AG 1-X8 resin.

3. Resaults

3.1. Qualitative analysis of GalNAc incorporation
in the GTTPSPVPTTSTTSAP peptide

The CZE profile of the glycosylation products
obtained after 24 h reaction is given in Fig. 1
Identification of the peaks corresponding to the
residual peptide and to the glycosylated products was
achieved by comparing the profiles of the reaction
products obtained either in the presence or absence
of UDP-GalNAc (data not shown). Consequently, the
peak P was attributed to the parent peptide and the
peaks G1-G6 to glycopeptides. This interpretation
was supported by previous experiments which
showed that the addition of a GaNAc residue to a
peptide or glycopeptide induced a longer migration
time on CZE [7,8,13]. Hence, the G1 product(s) may
correspond to the one O-GalNAc-peptide(s), the G2
product(s) to the two O-GalNAc-peptide(s)...and the
G6 product(s) to the six O-GalNAc-peptide(s).

Another approach for the identification of the CZE
glycosylated products was ESI-MS and MALDI-
MS on the unseparated glycosylated preparations. By

A200nm

0.02
P
0.015
0.01 Gl
G2 G3 G4 G5
G6

0.005

50 55 60 65 70

Time (minutes)

Fig. 1. Capillary zone electropherogram obtained from the 24-h
glycosylation products of the GTTPSPVPTTSTTSAP peptide. P
corresponds to the parent peptide and G1 to G6 to the glyco-
peptides.

the electrospray mass spectrometry (ESI-MS) meth-
od, only three m/z products that corresponded to the
parent peptide and to the mono- and di-GalNAc
GTTPSPVPTTSTTSAP, respectively, were detected
(data not shown) compared to the seven CZE peaks.
By contrast, the MALDI-MS (Fig. 2) displayed m/z
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Fig. 2. Matrix-assisted laser desorption ionization mass spectrum
of GTTPSPVPTTSTTSAP 24 h glycosylation products. The m/z
values of 1525.2, 1728.5, 1931.5, 2134.4, 2337.6, 2540.5 and
2743.6 correspond to the parent peptide (P), and to the 1(G1),
2(G2), 3(G3), 4(G4), 5(G5) and 6 GaNAc (G6) substituted
peptides associated with a sodium ion, respectively. m/z 1671.5
corresponds to the G1 glycopeptide(s) without the N-terminal
glycine.

at 1525.2, 1728.5, 1931.5, 2134.4, 2337.6, 2540.5
and 2743.6 that corresponded to the parent peptide
(P) [M+Na']" and to the 1 (G1), 2 (G2), 3 (G3), 4
(G4), 5 (G5) and 6 (G6) O-GalNAc-substituted
peptides, respectively. Finally, the assignment of
CZE fractions G1-G6 to the corresponding glyco-
peptides [e.g. G1 to the mono O-GalNAc glyco-
peptide(s)] was confirmed by the similarity between
the CZE peak area relative percentages and the
MALDI-MS signa intensity relative percentages:
(respectively 19.5, 14.6, 14.2, 18.4, 22.2 and 11.1%
for the glycopeptide CZE pesks, and 22.8, 15.3,
13.2, 17.5, 20.6 and 10.6% for the glycopeptide
MALDI-MS signa intensities). Moreover, the CZE
fraction with the label G1 appeared to be a double
peak. The MALDI-MS of the unseparated reaction
mixture revealed a m/z at 1671.5. Thus, it is likely
that the shoulder before the CZE peak G1 corre-
sponds to the G1 glycopeptide(s) without the N-
terminal glycine. However, we cannot totally exclude
the possibility that this peak may also be representa-
tive of different mono-GalNAc positional isomers
with dlightly different migration times.

3.2, N-Acetylgalactosaminylation kinetics of the
peptide GTTPSPVPTTSTTSAP

Identification of the glycosylated peptide peaks on
CZE was confirmed by the order of appearance of
the CZE peaks during the kinetics of N-acetyl-
galactosaminylation of the peptide
GTTPSPVPTTSTTSAP. In Fig. 3, the CZE G1
glycopeptide peak area was assigned a value of
100% for each incubation time and the areas of the

% [—+— o5h
—o— 1h
—0— 2h
—_A__.
150 3h
—®— 5h
—&— 3gh
—&— 24h
100 T
50 1
0 T T T 2%
Gl G2 G3 G4 G5 G¢6
glycopeptides

Fig. 3. Kinetics of formation of the glycopeptides during the
N-acetylgalactosaminylation of GTTPSPVPTTSTTSAP. G1, G2,
G3, G4, G5 and G6 correspond to the 1, 2, 3, 4, 5 and 6-GalNAc
substituted peptides, respectively. The glycopeptide percentages
were calculated by assigning a 100% value to the G1 CZE peak
area for each incubation time and by determining the ratios of
Gn/Gl.
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other CZE glycopeptide peaks were expressed as
Gn/G1 ratios. We observed the rapid formation of
G1- and G2-glycopeptide(s) after a 30-min incuba-
tion period, while G3-glycopeptides appeared after 1
h. The G4-glycopeptides only appeared after a 2-h
incubation period, followed by G5-glycopeptides
after 3 h and, finally, G6-glycopeptides after 5 h. In
addition, we evidenced a progressive and significant
accumulation of G3- (after 3 h incubation), then G4-
(after 5 h incubation) and G5-glycopeptides (after 8 h
incubation).

3.3 N-Acetylgalactosaminylation of
GTTPSPVPTTSITSAP in the presence of
glycosylated and unglycosylated octapeptides

331 Characterisation of the glycosylated
octapeptide preparations

After AG 1-X8 chromatography, the total 24 h
GaNAc incorporation was 500-600 nmol for
GTTPSPVP and TTSTTSAP and 80 nmol for
PSPVPTTS. The CZE profiles, confirmed by the
MALDI-MS analyses of the octapeptide glycosyla-
ted preparations, reveadled that the GTTPSPVP and
TTSTTSAP octapeptides gave mono- and di-N-
acetylgalactosaminylated peptides, whereas the
PSPVPTTS octapeptide was only mono N-
acetylgalactosaminylated. The sites of glycosylation
were described previously [7]. Moreover, analysis of
the glycosylated preparations revealed that they still
contained a proportion of unglycosylated octapep-
tides. Indeed, the ratio between CZE peak areas of
unglycosylated peptides and glycosylated products
was 0.05 for the GTTPSPVP preparation, 0.95 for
the TTSTTSAP preparation and 26.6 for the
PSPVPTTS preparation. These ratios illustrated the
different affinity(ies) of the GaNAc transferase(s)
for the three octapeptides.

332 Glycosylation of GTTPSPVPTTSTTSAP in
the presence of glycosylated or unglycosylated
peptides

The level of incorporation of GalNAc was not
significantly modified by co-incubation with the
unglycosylated octapeptides at 3- or 8 mM (Fig. 4).
In contrast, an important inhibition was found when
the hexadecapeptide (at 1 mM) was co-incubated
with the glycosylated octapeptide (GTTPSPVP,

PSPVPTTS and TTSTTSAP) preparations at 2.5, 0.3
and 3.3 mM, respectively. The PSPVPTTS glyco-
sylated preparation appeared to have the strongest
inhibitory effect and this effect was indeed relevant
to the glycopeptides, since the same co-incubation
experiment in the presence of up to 8 mM un-
glycosylated peptide could not produce such an
inhibition.

3.3.3 Quantitative and qualitative analysis of the
GTTPSPVPTTSITSAP glycosylated products by
CZE

CZE was carried out on each co-incubation prod-
uct. For the quantitative analysis, we calculated the
relative percentages of the residual unglycosylated
GTTPSPVPTTSTTSAP and glycopeptide species
(G1 to G6) on the basis of their respective CZE peak
areas (Table 1). For a qualitative analysis of the
hexadecapeptide glycopeptide distribution, in order
to favour the interpretation, the ratios of the G-peak
areas were calculated proportionaly to the mono-
glycosylated peptide(s) (G1) (Table 2).

The unglycosylated octapeptides quantitatively
inhibited the glycosylation of
GTTPSPVPTTSTTSAR, but this inhibition was simi-
lar for each hexadecapeptide glycopeptide species
(G9 under each condition (Table 1). Moreover,
Table 2 shows that the Gn/G1 ratios remained
unchanged when they were compared with the ratios
obtained on incubation of GTTPSPVPTTSTTSAP
alone.

The glycosylated octapeptides inhibited the ap-
pearance of the hexadecapeptide glycopeptide (Gs)
CZE peaks (Table 1). However, we observed that
this inhibition was not identical on each of the six
potential glycopeptides, with the appearance of some
glycopeptide species being totally inhibited. We
evidenced that the GTTPSPVP glycopeptides had a
lesser inhibitory effect on the first glycosylation of
GTTPSPVPTTSTTSAP than the PSPVPTTS and
TTSTTSAP ones. Moreover, the GTTPSPVP glyco-
peptides had a marked negative effect on the pro-
duction of G4 and totally inhibited the formation of
G5 and G6 (Table 1). The PSPVPTTS and
TTSTTSAP glycopeptides not only had a strong
inhibitory effect on the first glycosylation step (GO to
G1l), but also completely inhibited the formation of
G4, G5 and G6. Moreover, the PSPVPTTS glyco-
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GTTPSPVPTTSTTSAP+GTTPSPVP 8 mM
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Fig. 4. Incorporation of GaNAc (+SEM) on the peptide substrates after a 24-h incubation period in the presence of 1 mM UDP-GalNAc in
a total volume of 40 pl. The GTTPSPVPTTSTTSAP peptide was always used at a concentration of 1 mM. The unglycosylated peptides
GTTPSPVP, PSPVPTTS and TSTTSAP were used at 3- or 8 mM, and the glycosylated products of these octapeptides (GTTPSPVP-g,
PSPVPTTS-g and TTSTTSAP-g) were used at 2.5, 0.3 and 3.3 mM, respectively.

peptides markedly decreased the G1 to G2 transition
and the TTSTTSAP glycopeptides decreased the G2
to G3 transition (Table 1).

Qualitative analysis of the GTTPSPVPTTSTTSAP
glycopeptide distribution (Table 2) revealed that the
GTTPSPVP glycopeptides induced a significant de-

Table 1
Quantitative distribution of the unglycosylated GTTPSPVPTTSTTSAP (P) and the glycosylated hexadecapeptides (G1 to G6) under
different 24-h incubation conditions with a gastric microsomal preparation®

Conditions of incubation P Glyco- Gl G2 G3 G4 G5 G6
(%) peptides (CORNCORNNCL) %) (%) (%)
(%)
GTTPSPVPTTSTTSAP (control) 8557 1443 537 29 17 197 190 054
GTTPSPVPTTSTTSAP+GTTPSPVR, 3 mM 91.78 8.22 333 189 096 097 089 018
GTTPSPVPTTSTTSAP+PSPVPTTS, 3 mM 88.03  11.97 457 228 137 158 166 051
GTTPSPVPTTSTTSAP+TTSTTSAP, 3 mM 91.6 84 308 209 077 095 119 032
GTTPSPVPTTSTTSAP+GTTPSPVP-glycopeptides, 25 mM ~ 93.44 6.56 38 166 077 028 0 0
GTTPSPVPTTSTTSAP+PSPVPTTS-glycopeptides, 0.3 mM  97.01 2.99 199 059 041 0 0 0
GTTPSPVPTTSTTSAP+TTSTTSAP-glycopeptides, 3.3 mM  96.66 334 206 105 033 0 0 0

*These percentages were determined by comparison of the CZE peak areas. The hexadecapeptide GTTPSPVPTTSTTSAP was always
used at a concentration of 1 mM.
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Table 2
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Qualitative distribution of the GTTPSPVPTTSTTSAP glycopeptide CZE peak areas under different 24 h incubation conditions with a

gastric microsomal preparation®

Conditions of incubation Ratio Ratio Ratio Ratio Ratio Ratio
G1/G1 G2/G1 G3/G1 G4/G1 G5/G1 G6/G1

GTTPSPVPTTSTTSAP 1 0.55 0.31 0.36 0.37 0.09
GTTPSPVPTTSTTSAP+GTTPSPVP 3mM 1 0.57 0.29 0.29 0.26 0.05
GTTPSPVPTTSTTSAP+PSPVPTTS 3 mM 1 0.51 0.29 0.34 0.35 0.11
GTTPSPVPTTSTTSAP+TTSTTSAP 3 mM 1 0.68 0.25 0.30 0.38 0.10
GTTPSPVPTTSTTSAP+GTTPSPV P-glycopeptides 2.5 mM 1 0.43 0.19 0.07 0 0
GTTPSPVPTTSTTSAP+PSPVPTTS-glycopeptides 0.3 mM 1 0.29 0.20 0 0 0
GTTPSPVPTTSTTSAP+TTSTTSAP-glycopeptides 3.3 mM 1 0.51 0.16 0 0 0

® The hexadecapeptide GTTPSPVPTTSTTSAP was always used at a concentration of 1 mM.

crease in the ratio G4/G1 and the PSPVPTTS and
TTSTTSAP glycopeptides caused a decrease in the
ratios of G2/G1 and G3/G1, respectively.

4. Discussion

The peptide GTTPSPVPTTSTTSAPR, encoded by
the gene MUCS5AC, is of great interest because it is
multiglycosylated in vitro. Thereby, this peptide may
be a good tool to investigate the rules responsible for
an orderly N-acetylgalactosaminylation of the
apomucins. Nine N-acetylgalactosaminylation sites
are available on our peptide substrate, i.e., six
threonines and three serines. However, we observed
only the O-linkage of six GalNAc on the peptide.

Electrospray mass spectrometry, which was of
great aid in the study of octapeptide glycosylation
[7], did not allow the detection in the unseparated
reaction mixture of more than two GalNAc O-link-
ages on GTTPSPVPTTSTTSAP, while the CZE
profiles revealed clearly the formation during the
incubation of up to six glycopeptides corresponding
to one to six GalNAc added to the peptide backbone
(G1 to G6). In contrast, by MALDI-MS, the six
glycopeptides were identified and their qualitative
distribution was comparable to that observed using
CZE. These results confirmed that MALDI-MS was
a better procedure to analyze complex mixtures than
ESI-MS and was not so sensitive to contaminants.

Unfortunately, the identification of the exact Gal-
NAc O-linkage sites was unsuccessful whatever
procedures used, i.e. (i) preparative CZE for Edman
degradation of the purified glycopeptide fractions,

because the CZE fractions were too close together to
be used for further preparative purposes and gas-
phase sequencing analysis; (ii) mass spectrometry
techniques, such as post-source decay matrix-assisted
laser desorption ionization (PSD—MALDI), which
was performed on the unseparated reaction mixture.
This latter technique was not reliable for determining
the sites of sugar attachments on the peptide back-
bone since these sugars fell off the fragment ions
and, therefore, their positions were not detectable.
This seems to be due to the sequence of the
MUCS5AC peptide backbone, since good glycopep-
tide sequencing and localisation spectra were ob-
served under the same experimental conditions for a
MUC1 peptide. (S. Goletz, personal communication)
[14,15]. Moreover, this mass spectrometry failure
was also observed by all groups working on O-
glycopeptide sequencing using different instrumen-
tation [16].

The CZE procedure, using 2.5% polyvinyl acohol
(M, 15000) in the electrophoresis buffer solution
[8], provided adequate conditions for a dynamic
coating of the silica capillary walls that induced a
good separation of the unglycosylated and glyco-
sylated peptides. Moreover, this complete CZE sepa-
ration of glycosylated products allowed us, during
incubation times, to follow the evolution of the
glycosylation of GTTPSPVPTTSTTSAP. A main
result was that the ratios of the different glycopeptide
CZE peaks (G1 to G6) were modified over time,
with a progressive accumulation of G3 after 3 h
incubation, G4 after 5 h and G5 after 8 h. Under
these conditions, this accumulation may reflect the
increase during the incubation time of some glyco-
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sylated positional isomers that could not be further
glycosylated. In fact, up to the 2-h time-point, the
glycopeptide repartition indicated that the glycosyla-
ted products were naturally converted to the upper
glycosylated homologues. Up to 3 h, G3 was partly
further glycosylated but began to be accumulated,
and this accumulation phenomenon was amplified
afterwards, as it was for G4 and G5.

The positional isomers were probably relevant to
the activity of different GaNAc transferase species:
UDP-GalNAc:polypeptide N-acetylgalac-
tosaminyltransferase(s) directly acting on apomucins,
and UDP-GalNAc:glycopeptide  N-acetylgalac-
tosaminyltransferase(s) only acting on aready N-
acetylgalactosaminylated apomucins on determined
positions [17]. The GalNAc transferase heterogeneity
was confirmed by the results of the incubation of
GTTPSPVPTTSTTSAP with glycosylated octapep-
tides, which were demonstrated to quantitatively and
qualitatively inhibit the hexadecapeptide glycosyla-
tion, and this inhibition differed depending on the
glycopeptide products used. Indeed, the GTTPSPVP
glycopeptides probably inhibited GalNAc transfer-
ase(s) responsible for the appearance of G1, G3 and
G4. The PSPVPTTS glycopeptides strongly inhibited
GaNAc transferase(s) responsible for G1 and G2
positional isomers and the G3 produced isomers
could not be more glycosylated. Finaly, the
TTSTTSAP glycopeptides a so inhibited the GalNAc
transferases responsible for the first step of the
GTTPSPVPTSTTSAP glycosylation process (forma-
tion of Gl1). These G1 positional isomers were
appropriate substrates for a diglycosylation of the
hexadecapeptide, but the GalNAc transferase ac-
tivity(ies) responsible for the G2 to G3 transition
was/were decreased and there was no G4, this latter
effect may also be relevant to the inhibition of other
GaNAc transferase activity(ies). Likewise, the un-
glycosylated octapeptides quantitatively inhibited the
first glycosylation of GTTPSPVPTTSTTSAR, but the
glycopeptide repartition appeared to be unaffected
afterwards.

In conclusion, the identification of positional
isomers may be of great interest in understanding the
order in which the apomucins are extensively O-
glycosylated in vivo, but also to get insights into the
N-acetylgalactosamine transferases that are respon-
sible for the incomplete glycosylation of the same
apomucins in epithelial cancer cells. Indeed, in

tumoral processes, the mucin glycoprotein carbohy-
drate chains display modifications of peripheral
structures but also the exposure of inner core re-
gions, i.e., the Thomsen-Friedenreich antigens Tn
(GaNAc-a-Thr/Ser) and T (Gapl,3 GaNAc-a-
Thr/Ser) [18]. Up to now, it is supposed that this
elongation default of native oligosaccharide chains
may be relevant to a random N-acetylgalac-
tosaminylation of the apomucin backbone by the
GaNAc transferases of tumora cells, inducing in-
adequate substrates for glycosyltransferases. This
hypothesis is supported by preliminary data showing
that the UDP-galactose:glycoprotein-N-acetyl-p-
galactosamine 3-B-p-galactosyltransferase  (impli-
cated in a second step in the glycosylation pathway
of O-glycans) is controlled by structure and by initial
glycosylation of the peptide core substrate [19].
Thereby, the elongation default of mucin glycopro-
tein carbohydrate chains in epithelial cancer cells
may be due to the overexpression of some GalNAc
transferases that preferentially recognise aready N-
acetylgalactosaminylated substrates at  different
glycosylation stages. Recent findings reported such
UDP-GalNAc:polypeptide  N-acetylgalactosaminy!-
transferase isoforms [17,20]. In tumora processes,
these glycopeptide transferases may be competitors
with other N-acetylgalactosaminyltransferases that
are normally implicated in the initiation of apomucin
glycosylation.
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